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Research Article
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Abstract
In eastern Africa, there are few long, high-quality records of environmental change at high altitudes, inhibiting a broader understanding of
regional climate change. We investigated a Holocene lacustrine sediment archive from Lake Garba Guracha, Bale Mountains, Ethiopia,
(3,950 m asl), and reconstructed high-altitude lake evaporation history using δ18O records derived from the analysis of compound-specific
sugar biomarkers and diatoms. The δ18Odiatom and δ
18Ofuc records are clearly correlated and reveal similar ranges (7.9‰ and 7.1‰, respec-
tively). The lowest δ18O values occurred between 10–7 cal ka BP and were followed by a continuous shift towards more positive δ18O values.
Due to the aquatic origin of the sugar biomarker and similar trends of δ18Odiatom, we suggest that our lacustrine δ
18Ofuc record reflects
δ18Olake water. Therefore, without completely excluding the influence of the ‘amount-effect’ and the ‘source-effect’, we interpret our record
to reflect primarily the precipitation-to-evaporation ratio (P/E). We conclude that precipitation increased at the beginning of the Holocene,
leading to an overflowing lake between ca. 10 and ca. 8 cal ka BP, indicated by low δ18Olake water values, which are interpreted as reduced
evaporative enrichment. This is followed by a continuous trend towards drier conditions, indicating at least a seasonally closed lake system.
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INTRODUCTION
The climate of eastern Africa is driven by the position of the
tropical rain belt. Increasing north hemisphere insolation during
northern hemisphere summer forces the tropical rain belt and
ITCZ northward and the Congo Air Boundary (CAB) migrates
eastward (Nakamura, 1968; Hills, 1979; Davies et al., 1985). The
eastward extent of CAB movement is related to the seasonal
changes of Indian Summer Monsoon (ISM) strength
(Camberlin, 1997). Moreover, an increased W-E atmospheric
pressure gradient between Africa and India during the northern
hemisphere summer enhances the ISM (Wagner et al., 2018).
The enhanced ISM redirects Indian Ocean air masses towards
India preventing them from penetrating deeply into eastern
Africa. Therefore, the convergence zone of Indian Ocean air
masses and Congo Basin air masses shifts to the east (Costa
et al., 2014).
In the past, in addition to the effects described above, an
increased land-ocean temperature gradient caused strengthening
of the West African Monsoon (WAM) and ISM. The interaction
of monsoon intensity and eastward migration of the CAB may
have been responsible for enhanced moisture in the region,
thereby generating a water level rise in eastern African lakes
(Junginger et al., 2014; Lezine et al., 2014). Additionally, increased
lake levels may have been driven by a northward shift in the
mean position of the tropical rain belt during the early
Holocene northern hemisphere summer insolation maximum
(Gasse, 2000). These processes led to a more pluvial early–mid
Holocene (12–5 cal ka BP), termed the African Humid Period
(AHP) (deMenocal et al., 2000), which was particularly intense
in North Africa and extended south to 10°S in eastern Africa
(Gasse, 2000). While the general mechanisms for the orbitally
forced AHP are well understood, the spatial and temporal patterns
are intensively debated.
Due to the complexity of atmospheric circulation in eastern
Africa, it is not surprising that the reconstructed timing of the
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AHP differs across sites. The termination of the AHP has been
described as rapid (Collins et al., 2017), as synchronous and
abrupt (Tierney and deMenocal, 2013), or asynchronous and
gradual (Foerster et al., 2012; Costa et al., 2014; van der Lubbe
et al., 2017). However, the inferred timing of the AHP termination
may depend largely on the analyzed proxy (Castañeda et al., 2016)
and the type of archive. Furthermore, in addition to a variable cli-
mate, the scarce and patchy paleoenvironmental records of
Northern and eastern Africa supply insufficient data for compre-
hensive climate reconstruction. The hydrological history of east-
ern Africa has been reconstructed mainly from low-elevation sites.
High-altitude lakes have proved to be excellent sensors of envi-
ronmental change (Catalan et al., 2006, 2013). They incorporate
information about changes in the catchment, including varying
erosion, often without significant anthropogenic disturbance or
desiccation (Arnaud et al., 2016). In eastern Africa, high-altitude
paleolimnological research has been carried out at Lake Ashenge
(2442 m asl; Marshall et al., 2009), Lake Dendi (2840 m asl;
Wagner et al., 2018), Sacred Lake (2350 m asl on Mount Kenya;
Barker et al., 2001, 2011; Street-Perrott et al., 2008; Loomis
et al., 2015, 2017), and Lake Garba Guracha (3950 m asl on the
Bale Mountains; Umer et al., 2007; Tiercelin et al., 2008; Bittner
et al., 2020).
Paleolimnological research has advanced in recent decades by
the use of stable isotope ratios as environmental indicators. The
oxygen isotope composition (δ18O) of biogenic compounds and
autochthonous carbonates has been established as a valuable pale-
oclimate proxy because the value of δ18O in water, which is incor-
porated into biogenic and autochthonous compounds, depends
on fractionation processes linked to temperature, air mass source
and trajectory, and global ice volume.
Oxygen isotope composition has been determined for several
Quaternary records in eastern Africa: for example, δ18Oice cores
(Thompson et al., 2002), δ18Ocarbonate (Lamb et al., 2005),
δ18Odiatom (Barker et al., 2001, 2007, 2011; Lamb et al., 2005),
and δ18Osugar (Hepp et al., 2017). δ
18Osugar has been successfully
applied to several other paleolimnological archives (Zech et al.,
2014b; Hepp et al., 2015, 2019). In contrast to this relatively
new proxy (Zech and Glaser, 2009), numerous δ18Odiatom records
have been published, proving the potential for reconstructing past
climate changes from biogenic silica (δ18Odiatom) (Leng et al.,
2001; Barker et al., 2004, 2007, 2011; Lamb et al., 2005; Wilson
et al., 2014; Narancic et al., 2016; Cartier et al., 2019; Kostrova
et al., 2019).
At Garba Guracha, early work by Umer et al. (2007) and
Tiercelin et al. (2008) focused on sedimentological, geochemical,
and pollen analyses. Their work indicates that Garba Guracha is
one of the longest, most continuous high-resolution Late
Quaternary environmental archives from highland Africa. With a
new core, Bittner et al. (2020) established a higher resolution chro-
nology and analyzed XRF and biomarkers. Gil-Romera et al. (2019)
carried out charcoal and pollen analyses on the same core to show
that fire has been a constant disturbance at millennial time scales in
the Afromontane vegetation of the Bale Mountains, driving the
long-term ecological dynamics of Erica spp.
Here we present the first record in eastern Africa of lake-level
variation derived from the oxygen isotope composition of sugar
biomarkers and diatoms and the first high-altitude, long-term
oxygen isotope record from above 3500 m asl in Ethiopia. We
compare the results of well-established δ18Odiatom analyses with
the more novel δ18Ofuc analyses (Zech and Glaser, 2009) to
gain more detailed knowledge regarding the δ18Ofuc proxy and
interpretations of the proxy from the archive itself. Our main
aims are: (1) to determine the allochthonous versus autochtho-
nous source of the analyzed sugar biomarkers, (2) to use
δ18Odiatom analyses to test and corroborate the δ
18Ofuc results,
(3) to describe the hydrological history of high-altitude Garba




Garba Guracha is situated in the Bale Mountains of the Bale-Arsi
Massif, located east of the Main Ethiopian Rift (Fig. 1). The
Sanetti Plateau is the highest plateau in the Bale Mountains at
an altitude between ∼3800 and ∼4200 m asl, encompassing an
area of 600 km2, bordered by a steep escarpment to the south
(Osmaston et al., 2005). Deep valleys incised by northward
descending rivers characterize the northern slopes. The volcanic
plateau is formed of solidified horizontal lava consisting of alkali
basalt, trachyte, and tuffs with rhyolites, overlying older volcanic
material (Uhlig and Uhlig, 1991; Williams, 2016). During the Last
Glacial Maximum, the plateau and the valleys were locally glaci-
ated (Osmaston et al., 2005; Ossendorf et al., 2019; Groos et al.,
2020, 2021). The glacial cirque Garba Guracha (6.875781°N,
39.878075°E) (Fig. 2b) was first mentioned by Werdecker
(1962) and was described in detail by Umer et al. (2007) and
Tiercelin et al. (2008). It is located at 3950 m asl, has a maximum
water depth of 6 m, a very small watershed (0.15 km2), and
extends to ∼500 x 300 m in area (Fig. 2c). The catchment bedrock
is carbonate-poor (Löffler, 1978; Uhlig and Uhlig, 1991). The lake
has an outlet during the rainy season. A marshy alluvial plain fed
by several springs extends to the south of the lake.
Climate
The climate of the Bale Mountains differs from north to south
due to differences in altitude, aspect, and continental air masses
(Uhlig and Uhlig, 1991; Kidane et al., 2012). The mean annual
temperature at Dinsho (Fig. 2a A) is 11.8°C, and the mean min-
imum temperature for the coldest month is 0.6°C (Hillman,
1986). Ten newly installed climate stations across the Bale
Mountains have provided climate data since 2017. The results
from 2017 show a mean annual temperature of 4.9°C at the
Angesso Station (Fig. 2a B), which is located 4 km northeast of
Garba Guracha.
Precipitation in the Bale Mountains originates from two mois-
ture sources, the Indian Ocean monsoon, and the Equatorial
Westerlies (Uhlig, 1988; Miehe and Miehe, 1994). A dry season
from November to February and a bimodal wet season from
March to October define the climate. Precipitation maxima
occur in April/May and September/October, respectively
(Woldu et al., 1989; Lemma et al., 2020). The highest monthly
rainfalls (July to September) are related to the convergence of
southwest air masses. In 2017, Angesso Station (3949 m asl)
(Fig. 2a B) recorded 1097 mm while 711 mm were registered at
the EWCP Station (elevation 4124 m) (Fig. 2a C) and 468 mm
at Tulu Dimtu (4385 m asl) (Fig. 2a D). Garba Guracha (3950
m asl) lies at a similar altitude to the Angesso Station. The
afro-alpine regions, including the Sanetti Plateau, are character-
ized by strong diurnal temperature differences between day and
night (-15°C to +26°C) (Hillman, 1988).
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MATERIAL AND METHODS
Material and sampling
In February 2017, we retrieved two overlapping sediment cores
using a Livingstone piston corer from a raft anchored at 4.8 m
water depth. A maximum sediment depth of 1550 cm was reached
with an organic-rich upper part (0–900 cm) (Fig. 3) and an
organic-poor lower part (900–1550 cm). For radiocarbon dating,
we took a total of 31 samples, comprising 18 bulk sediment sam-
ples, 8 bulk n-alkane, and 5 charcoal samples. More details on
sediment and chronology can be found in Bittner et al. (2020).
For sugar biomarker analyses (n = 80), the organic-rich upper
core sections (top 900 cm, compressed to ∼800 cm during coring)
were sampled at contiguous 10 cm intervals, each sample repre-
senting ca. 103 years of sedimentation. This sampling technique
enabled us to create a continuous record where variability is
smoothed, but without missing information. Nineteen of those
samples were later selected for diatom analyses.
Compound-specific δ18O analyses of sugar biomarkers
Sugar biomarker extraction was done at the Institute of
Agricultural and Nutritional Sciences, Soil Biogeochemistry,
Martin-Luther-University Halle-Wittenberg following the
method described by Zech and Glaser (2009). Briefly, monosac-
charides were extracted from the homogenized samples by
hydrolysis using 4 M trifluoroacetic acid at 105°C for 4 hours
(Amelung et al., 1996). The dissolved monosaccharides were
first filtered over glass fiber filters, evaporated, and then further
cleaned by transferring them with H2O onto XAD-7 columns
and finally over DOWEX 50WX8 columns. After freeze-drying,
the samples were derivatized with methylboronic acid (MBA)
for 1 hour at 60°C (Knapp, 1979). The derivatized samples were
measured in triplicates on a Trace GC 2000 coupled to a Delta
V Advantage IRMS via an 18O-pyrolysis reactor (GC IsoLink)
and a ConFlow IV interface (all devices from Thermo Fisher
Scientific, Bremen, Germany). Sugar standards with known
δ18O values, containing arabinose (ara), fucose (fuc), and xylose
(xyl), were measured in various concentrations after every six
sample triplicates (Zech and Glaser, 2009). Correction of the sam-
ple δ18O values was applied for possible amount dependency and
drift during a sample batch and for the hydrolytically exchange-
able oxygen atoms of the carbonyl group (Zech and Glaser,
2009). The δ18O values of the monosaccharides are presented in
the usual δ-notation versus the Vienna Standard Mean Ocean
Water (VSMOW).
δ18O analyses of diatoms
Nineteen sediment samples were processed for diatom oxygen
isotope (δ18Odiatom) analyses. Two g of dry sediment were used
to purify samples using a multi-step cleaning procedure.
Figure 1. (color online) Overview of the region: (1) Dongge caves, (2) Qunf cave, (3) Lake Abhè, (4) Ziway-Shala, (5) Garba Guracha (this study), (6) Chew Bahir, (7)
Lake Turkana, (8) Paleolake Suguta.
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Sediment samples were first treated with 35% H2O2 on a heating
plate at 50°C for 72 hours to remove organic matter, adding 10%
HCl at 50°C to eliminate carbonates, then washed pH neutral. The
subsequent heavy liquid separation was carried out with sodium pol-
ytungstate (SPT; 3Na₂WO₄⋅9WO₃⋅H₂O) heavy liquid solutions with
decreasing densities (2.50−2.05 g/ml) and subsequent centrifuging at
2500 rpm for 30 minutes, leading to the separation of diatoms from
heavier detrital contaminants. Decreasing densities were subse-
quently used to properly separate diatoms from the mineral particles
of the terrigenous fraction. Different diatom species have slightly dif-
ferent densities, which makes this step-wise separation procedure
necessary in order not to lose any diatoms during heavy liquid sep-
aration. This detritus was retained for contamination assessment and
used for δ18Odiatom correction following Chapligin et al. (2010).
Diatom samples were washed in ultra-pure water at 2500 rpm for
20 minutes and sieved through a 3 μm filter. Sixteen of the purified
diatom samples (n = 19) yielded enough material (>1.5mg) to be
measured for δ18O at the AWI Potsdam ISOLAB Facility.
To remove exchangeable oxygen, inert Gas Flow Dehydration
(iGFD) and heating to 1100°C under Argon gas (following
Chapligin et al., 2010) was applied. Dehydrated samples were
then quantitatively reacted to liberate O2 by laser fluorination
under BrF5 atmosphere (Clayton and Mayeda, 1963). Sample oxy-
gen was directly measured against a calibrated oxygen reference
with a PDZ Europa 2020 mass spectrometer. The working stan-
dard BFC (δ18O = 29.0 ± 0.3‰; Chapligin et al., 2011) was used
for calibration (this study: δ18O = +28.88 ± 0.24‰; n = 10) for
controlling both accuracy and precision of the isotope analyses.
The long-term analytical reproducibility (1σ) is ± 0.25‰
(Chapligin et al., 2010). All measured diatom δ18O values were
corrected for contamination, mainly due to clay particles
(Supplementary Material Fig. 7), using a geochemical mass-
balance approach (Chapligin et al., 2012). Contamination was cal-
culated for all samples individually and corrected following the
method described in Chapligin et al. (2012). Briefly, we calculated
the correction following Equation 2 in Chapligin et al. (2012):
d18Ocorr = d18Omeasured + (%cont.× d18Ocont.)
where δ18Omeasured is the isotopic composition of the sample after
purification, %cont. is the contamination percentage left in the
purified sample and δ18Ocont. is the isotopic composition of the
contaminants (i.e., the heavy [mineral] fraction).
Figure 2. (color online) Location of the study area. (a) Bale Mountain National Park (thick white line); climate stations: (A) Dinsho, (B) Angesso station, (C) EWCP
station, (D) Tulu Dimtu; (b) northeastward view over the glacial cirque of the Garba Guracha catchment; (c) Garba Guracha catchment structure and watershed
(dashed white line).
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RESULTS
δ18Ofuc record of Garba Guracha
Compound-specific δ18O values for the sugar biomarker fucose
reveal a total range from +24.7 to +36.2‰ (Fig. 3). The mean
standard error for fucose was ± 1.4‰. The δ18O values of fucose
increase from 840 cm (11 cal ka BP) and begin to decrease at
∼800 cm (10.5 cal ka BP) showing minima between 665 and
535 cm (9 and 7 cal ka BP). Thereafter, a continuous trend
towards more positive δ18O values of fucose is apparent until
290 cm (3.5 cal ka BP). Above this depth, stable values continue
with the exception of one pronounced minimum at ∼85 cm
(0.5 cal ka BP).
In detail, the Early Holocene reveals centennial-scale δ18Ofuc
shifts with minima at 840 and 750 cm (10.9 and 10.2 cal ka
BP), and a maximum at 800 cm (10.6 cal ka BP). The phase of
lowest δ18Ofuc values is interrupted by a short maximum at 635
cm (8.4 cal ka BP). The Late Holocene reveals major fluctuations
of δ18Ofuc between 425 and 370 cm (5.5 and 4.6 cal ka BP).
Moreover, a maximum at 290 cm (3.5 cal ka BP), a minimum
at 85 cm (0.5 cal ka BP), and numerous centennial-scale varia-
tions are visible in the Late Holocene. However, the variability
of δ18O is highest during the Early Holocene and decreases
towards the Late Holocene.
δ18Odiatom record of Garba Guracha
For most of the 16 diatom samples, duplicate or triplicate oxygen
isotope analyses yielded a mean (max) standard deviation of
±0.26‰ (±0.51‰: Supplemental Table 1). One sample could
only be measured once due to low diatom content after the sep-
aration procedure. In general, the δ18Odiatom values span a range
of 7.9‰ (Fig. 3). Like the δ18Ofuc data, the δ
18Odiatom values
decrease above 750 cm (10 cal ka BP), with lowest values
co-occurring between 665 and 535 cm (9 and 7 cal ka BP)
(δ18Odiatom ∼+37‰). An overall increasing trend between 535
and 285 cm (7 and 3.5 cal ka BP) is interrupted by a decrease
between 425 and 370 cm (5.5 and 4.6 cal ka BP). More less-
Figure 3. Depth profiles of age and TOC (Bittner et al., 2020), δ18Ofuc (blue), and δ
18Odiatom (purple) (this study). The black line shows the running mean of
5. Stacked core photos are shown on the left and shaded areas indicate the standard error range. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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positive values follow the maximum at 285 cm (3.5 cal ka BP)
(δ18Odiatom = +44.8‰) until 140 cm. A small maximum at 140
cm (1.5 cal ka BP) and subsequent decreasing values are similar
to the δ18Ofuc record.
DISCUSSION
The Garba Guracha δ18Ofuc record - lake or leaf water?
A crucial issue for the interpretation of δ18Ofuc records is the
aquatic (autochthonous) or terrestrial (allochthonous) origin of
the sedimentary sugar biomarkers. Plant-derived sugar biomark-
ers, modified by a biosynthetic fractionation factor (εbio), can
either reflect lake water δ18O (δ18Olake water) or terrestrial leaf
water δ18O (δ18Oleaf water) origin. In the case of Garba Guracha,
a high aquatic organic matter content of the sediments can be
inferred from several proxies. First, relatively positive δ13C values
of > -23‰ and a low TOC/N ratio of <15 indicate a high aquatic
organic matter content (Bittner et al., 2020). Second, the sugar
biomarker quantification pattern indicates a high relative abun-
dance of fucose in the Garba Guracha sediments. Fucose is a
major component of phytoplankton, zooplankton, and bacteria
(Ogier et al., 2001), as well as of aquatic plants (Hepp et al.,
2016). In terrestrial vascular plants, fucose is produced in low
concentrations, according to Hepp et al. (2016) who developed
two ratios, fuc/(ara + xyl) and (fuc + xyl)/ara, to distinguish
between aquatic (> 0.10) and terrestrial (≤ 0.10) input. In our
data, both ratios suggest that the sediments of Garba Guracha
contain sugar biomarkers that are principally of aquatic origin
(Bittner et al., 2020, Fig. 6). While a partial terrestrial contribution
of sugar biomarkers to the sediments cannot be fully excluded, the
terrestrial contribution, especially of fucose, can be neglected. We
therefore interpret our δ18Ofuc data as a record of changes in
δ18Olake water.
The Garba Guracha δ18Odiatom record
δ18Olake water and temperature at the time of frustule formation
define the δ18Odiatom composition of aquatic diatoms (Labeyrie,
1974; Leclerc and Labeyrie, 1987; Leng and Barker, 2006). Some
processes in the incorporation of oxygen isotopes into diatom
silica (summarized by Bird et al., 2020) still require a better
understanding, such as (1) species-specific fractionation (Bailey
et al., 2014), (2) post-mortem alteration of the oxygen isotopic
composition (Tyler et al., 2017), and (3) the effect of diagenesis
on oxygen isotope fractionation and exchange (Dodd et al.,
2012). However, δ18Odiatom analyses have been applied success-
fully to many archives as a proxy for P/E to identify wet and
dry conditions (Polissar et al., 2006; Meyer et al., 2015), moisture
source (Rosqvist et al., 2004; Leng et al., 2005; Schiff et al., 2009),
δ18Oprecipitation (Morley et al., 2005; Mackay et al., 2013; Bailey
et al., 2015), hydrological changes (Narancic et al., 2016;
Kostrova et al., 2019), and temperature (Kostrova et al., 2014).
The interpretation of δ18Odiatom as a proxy for temperature is dif-
ficult due to the variability of δ18Oprecipitation and, especially in
warm and/or dry environments, due to evaporative enrichment.
These factors may have a more significant influence on
δ18Odiatom than temperature (Leng and Barker, 2006). Especially
in the tropics, where inter-annual and seasonal temperature var-
iability is low, δ18Odiatom generally has been interpreted as a proxy
for precipitation amount (Cole et al., 1999; Lamb et al., 2005;
Barker et al., 2007). Barker et al. (2001) suggested that the
δ18Odiatom record of Small Hall Tarn and Simba Tarn at Mount
Kenya represents the moisture balance of lake-level stands and
overflows.
For reconstructing the δ18Olake water, several calibration studies
for modern diatoms (Brandriss et al., 1998; Moschen et al., 2005;
Crespin et al., 2010; Dodd and Sharp, 2010) and one for sedimen-
tary diatoms (Leclerc and Labeyrie, 1987) have been published.
The temperature-coefficient of these studies is quite similar
(-0.16‰/°C to -0.29‰/°C), although offsets of several per mil
between the regression lines are present. Explanations suggested
by Crespin et al. (2010) include (1) an under- or overestimation
of temperature or δ18Olake water in the calibration, (2) incomplete
accounting for exchangeable oxygen, and (3) post-mortem 18O
enrichment of sedimentary diatoms (Schmidt et al., 2001). To
account for post-mortem 18O enrichment, we reconstructed the
δ18Olake water of the Garba Guracha sedimentary diatoms using
the equation of Leclerc and Labeyrie (1987). Taking into consid-
eration a mean annual Tair of ∼4.9°C (min: 3.5°C, max: 6.0°C) in
2017, measured at the closest meteorological station (Angesso),
which is at the same altitude as Lake Garba Guracha, an isotope
fractionation factor α in the system (silica-water) of 1.0435 ±
0.004 can be calculated (Leclerc and Labeyrie, 1987). The calcu-
lated value is subject to some uncertainty due to the lack of
more recent δ18Odiatom values, an incomplete record of modern
δ18Olake water variability, and an underestimation of frustule
growth temperature by using mean annual air temperature.
Based on these factors, the measured most recent (931 cal. BP)
δ18Odiatom of∼ +43.4‰ at Lake Garba Guracha leads to a calcu-
lated “modern” δ18Olake water value of +0.8 ± 0.3‰, which is
lower than the measured δ18Olake water of +4.7‰ at the end of
the 2017 dry season, representing strong 18O enrichment of lake
water (Lemma et al., 2020). For comparison, precipitation in
2017 yielded a mean δ18O value of -4.5‰ (max -6.2‰, min
-1.9‰). The reconstructed δ18Olake water value of +0.8‰ for the
uppermost diatom sample is hence a reasonable estimated value
between those of modern precipitation (-4.5‰) and the season-
ally enriched lake water (+4.7‰) (Lemma et al., 2020).
Comparison of reconstructed δ18Olake water from δ
18Ofuc versus
δ18Odiatom
The predominantly aquatic origin of sugar biomarkers in the
Garba Guracha sediments, as discussed earlier, leads to the
conclusion that the isotopic composition of the fucose sugar bio-
markers primarily represents δ18Olake water modified by ϵbio, the
biosynthetic fractionation factor. ϵbio can be estimated as +29‰
between aquatic cellulose δ18O and δ18Olake water (Mayr et al.,
2015). An ϵbio of +29‰ may slightly underestimate the fraction-
ation factor of aquatic hemicellulose, as is known for terrestrial
cellulose and hemicellulose (Zech et al., 2014a, b; Hepp et al.,
2019). The slight offset derives from the loss of the relatively
18O-depleted oxygen atom attached to C-6 during 6-deoxyhexose
(fucose) biosynthesis (C-6 decarboxylation; Altermatt and Neish,
1956; Harper and Bar-Peled, 2002; Burget et al., 2003). This is
supported by the findings of Waterhouse et al. (2013) that
∼80% of the oxygen atoms at the C-6 position are isotopically
exchanged during cellulose synthesis. Similarly, the Garba
Guracha δ18Odiatom record can be interpreted as δ
18Olake water
due to a lesser influence of temperature in tropical regions, as dis-
cussed previously.
The reconstructed δ18Olake water values of sugar biomarker and
diatoms are consistent after correction for ϵbio (+29‰) (Mayr
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et al., 2015) and temperature-dependent fractionation during dia-
tom growth (Leclerc and Labeyrie, 1987), respectively (Fig. 4).
Additionally, the δ18Odiatom and δ
18Ofuc ranges of the 16 analyzed
samples are similar (7.9‰ and 7.1‰, respectively). Despite the
rather small number of analyses, the aquatic δ18Odiatom and
δ18Ofuc show identical trends during the Holocene (Fig. 3), point-
ing to a common source of δ18Ofuc and δ
18Odiatom. Therefore, we
conclude that the δ18Odiatom record corroborates the δ
18Ofuc
record to reflect primarily δ18Olake water and, moreover, that
δ18Ofuc of aquatic sugar biomarker is a valuable proxy for
δ18Olake water in the Garba Guracha sedimentary archive.
Paleoclimatic significance and proxy interpretation
Past variations of δ18Olake water reflect past changes in
δ18Oprecipitation and evaporative
18O enrichment of lake water.
In the tropics, δ18Oprecipitation values in paleo-archives and rainfall
records have been interpreted to represent changes in the amount
of precipitation—depleted δ18O values indicating high amounts of
precipitation (amount effect; Dansgaard, 1964; Rozanski et al.,
1993). However, besides amount effect, the history of the entire
moist air mass, including source region (source effect), the air
mass convection (altitude effect), (re)evaporative history (recy-
cling), and transport distance (continental effect), must be consid-
ered (Sharp, 2017). Moreover, δ18Oprecipitation is influenced by
temperature (temperature effect; Rozanski et al., 1993). However,
temperature changes in the tropics, especially during the
Holocene, were rather small (Berke et al., 2012), implying that
the temperature effect is negligible (Rozanski et al., 1993; Vuille
et al., 2005).
The relatively small temperature effect means that
δ18Oprecipitation is predominantly influenced by the amount and
the source effect in eastern Africa. For the tropics in general, high-
resolution δ18O speleothem records, such as those of Fleitmann
et al. (2003) and Dykoski et al. (2005) (Fig. 5), are generally inter-
preted as mainly reflecting variations in the intensity of the mon-
soon systems (amount effect)—East Asian Summer (EASM) and
the Indian Summer Monsoon (ISM). Overall trends of Qunf cave
δ18O (Fleitmann et al., 2003) and Dongge cave δ18O (Dykoski
et al., 2005) are in agreement with our δ18O records (Fig. 5).
Monsoon intensity in eastern Africa may have played an essential
role in controlling the stable isotope composition of precipitation,
as recorded in our Bale Mountain archive and reconstructed δ18O
values. However, modern data suggest that the amount effect
alone does not explain the δ18Oprecipitation pattern in eastern
Africa (Costa et al., 2014; Lemma et al., 2020). Therefore, Costa
et al. (2014) questioned the primary influence of the amount
effect for Lake Tana, Ethiopia, and suggested that an Atlantic
moisture source (Congo Basin) was responsible for both past
and current depleted δ18Oprecipitation values. Back-trajectories for
modern precipitation at Lake Tana show an average contribution
from Congo Basin air masses of 13%. The primary source is the
Indian Ocean (80%), with only a minor contribution of 7%
from the Mediterranean and Red Sea (Costa et al., 2014). Other
climate studies for Ethiopia have found only minor (Viste and
Sorteberg, 2013) or no (Levin et al., 2009) air mass contributions
to southern Ethiopia from the Congo Basin. However, a recent
study by Finney et al. (2020) suggests that despite the low air
mass contribution, westerly winds are responsible for a dispropor-
tionally high amount of rainfall in eastern Africa. For the Bale
Mountains, a recent back-trajectory study found air mass contri-
butions principally from the Indian Ocean and the Mediterranean
and Red Sea, but no evidence for any contribution or even an iso-
topic depletion due to Congo Basin air masses (Lemma et al.,
2020).
Even if these air mass contributions are not nowadays influ-
encing rainfall in southeastern Ethiopia (Levin et al., 2009) or
the Bale Mountains (Lemma et al., 2020), a past change of atmo-
spheric circulation could have exerted a significant effect on the
isotopic composition of paleo records (Tierney et al., 2011a;
Junginger et al., 2014). We, however, have no further evidence
to test potential past source contributions at our study site. A
change in moisture source might explain some δ18O variations
in the Garba Guracha archive. However, because our 18O records
Figure 4. (color online) Comparison of the δ18Odiatom and δ
18Ofucose records of Garba Guracha. The black line shows the running mean of 5 and shaded areas the
standard error range.
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Figure 5. (color online) Comparison of lake level reconstructions in eastern Africa and δ18O records for the past 12,000 years (adapted from Junginger et al., 2014).
Dongge cave (Dykoski et al., 2005), Qunf cave (Fleitmann et al., 2003), Garba Guracha (this study), Lake Abhè (Gasse, 2000), Lake Ziway-Shala (Gillespie et al., 1983),
Chew Bahir Basin (Foerster et al., 2012), Lake Turkana (Garcin et al., 2012; filled curve), (Johnson et al., 1991; dotted curve), (Brown and Fuller, 2008; dashed curve),
Paleolake Suguta (Junginger et al., 2014), and insolation variations (Laskar et al., 2004).
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are of aquatic origin, unlike other records, we reconstructed
δ18Olake water, not δ
18Oprecipitation, and suggest an additional strong
influence of evaporative enrichment in the Garba Guracha record.
In open lake systems, δ18Oprecipitation is the most crucial control
on δ18Olake water, whereas in closed lake systems, evaporative
enrichment is the primary driver (Talbot, 1990; Lamb et al.,
2002; Horton et al., 2016). Garba Guracha in modern times,
with a sill level at 6 m above the sediment surface at the lake’s
maximum depth, is an open lake during the wet season and a
closed lake system during the dry season (Supplementary
Material Fig. 6). Lake water samples taken during the dry season
(+ 4.7‰, ± 0.6‰; February 2017) are enriched by at least 9.2‰
compared to the annual mean δ18Oprecipitation of -4.5‰
(Angesso station 2017; max: -1.9‰, min -6.2‰). This confirms
that evaporative enrichment is able to explain a large part of
the variability in the δ18Ofucose record (range of 11.5‰).
Therefore, the reconstructed δ18Olake water record of Garba
Guracha likely represents changes from an open to a closed lake
system and wet/dry phases, and can be interpreted in terms of
precipitation-to-evaporation ratio (P/E).
Comparison with other records
11–7 cal ka BP
Our δ18Ofuc record suggests a high P/E at the end of the Younger
Dryas, shown by values increasing to a maximum at 11 cal ka BP.
This is supported by a change from organic-poor to organic-rich
sedimentation, indicating a shift to favorable growth conditions
for aquatic algae (Bittner et al., 2020). Erica expanded near the
lake (Gil-Romera et al., 2019) at the onset of the Holocene
(11.5–10 cal ka BP), which supports our interpretation of
increased rainfall and rising P/E values. Along with such an
increase, but lagged for some centuries (ca. 10.7 cal ka BP), wild-
fires were triggered in the Garba Guracha catchment (Gil-Romera
et al., 2019). This is possible evidence that rainfall seasonality was
in place at this time, permitting dry phases favoring fire, and facil-
itated by enhanced biomass accumulation (Gil-Romera et al.,
2019). Meyer et al. (2020) suggested a coincident wet phase
(11–9.5 ka) in the Lake Chala region due to changes in the inten-
sity of the monsoon system.
However, a maximum of δ18Ofuc in the Garba Guracha sedi-
ments at 10.2 cal ka BP coincides with a lake level drop in Lake
Turkana (Junginger et al., 2014; Bloszies et al., 2015) and inter-
rupts the trend towards more humid conditions (Fig. 5). Both
δ18Odiatom and δ
18Ofuc, but especially δ
18Ofuc, indicate a pro-
nounced phase of depleted δ18O values between 10 and 7 cal ka
BP; suggesting a high P/E ratio due to increased rainfall amounts,
a more permanent open lake phase with more constant overflow,
and less evaporative enrichment. This is in agreement with the
modeled overflow of Paleolake Suguta, Kenya, eastern Africa
(Junginger et al., 2014) (Fig. 5). Junginger et al. (2014) suggested
that the lake reached its sill level several times between 10–8.5 cal
ka BP and overflowed more or less continuously from 8.5 cal ka
BP until ca. 7 cal ka BP. Enhanced moisture transport into the
region, indicated by reconstructed high lake levels and stronger
runoff during the AHP, is well documented in the literature
(Tierney et al., 2011b; Foerster et al., 2012; Tierney and
deMenocal, 2013; Morrissey and Scholz, 2014; Fersi et al., 2016;
Liu et al., 2017; Wagner et al., 2018; Beck et al., 2019; Jaeschke
et al., 2020; Mologni et al., 2020).
A brief shift towards more positive δ18O values is present in all
records coinciding with the 8.2 cal ka BP event in the northern
hemisphere, known as a short cold spell in Greenland with
reduced precipitation (Dansgaard et al., 1993; Bond et al.,
1997). A period of low lake levels and drought has also been
reconstructed in eastern Africa for the Ziway-Shala system
(Gillespie et al., 1983), Lake Malawi (Gasse et al., 2002), Lake
Turkana (Garcin et al., 2012), Paleolake Suguta (Junginger
et al., 2014), Lake Abhè (Gasse, 2000), and Lake Tilo (Leng
et al., 1999) at that time. Thompson et al. (2002) found a maxi-
mum in wind-blown fluoride derived from dry lake basins in
the Kilimanjaro ice record at ca. 8400 cal BP. However, the
increase in δ18Odiatom and δ
18Ofuc in Garba Guracha is rather
small in comparison with the range of most regional records.
This might be due to a muted precipitation change in our high-
altitude archive compared to lower altitude sites or due to a tem-
perature change rather than a precipitation decrease.
After this drought phase, δ18Odiatom and δ
18Ofuc decrease
again, indicating a return to humid conditions and high lake lev-
els (Fig. 5). With the start of declining boreal summer insolation
at ca. 8.7 cal ka BP, the atmospheric circulation pattern changed,
and the influence of the CAB decreased in eastern Africa
(Junginger et al., 2014; Wagner et al., 2018). This can be seen
in our record since 7 cal ka BP when δ18Odiatom and δ
18Ofuc values
start to increase, indicating a shift to decreased precipitation and
stronger evaporative enrichment. The phase between 10–7 cal ka
BP indicates an overall increase in moisture availability concur-
ring with the AHP.
7–4 cal ka BP
Strong variability in δ18Ofuc from 6–4 cal ka BP coincides with the
termination of the AHP. The timing of the AHP termination has
been debated, and seems to be related to individual proxy
responses (Castañeda et al., 2016). Erica and fire experienced
maxima and minima during this period at Garba Guracha, but
consistently decreased towards absolute minima from 5.2–2.5
cal ka BP (Gil-Romera et al., 2019), while the Botryococcus braunii
content (Umer et al., 2007) and TOC values drop later at 4.5 cal
ka BP (Bittner et al., 2020). This asynchronous proxy response
may be related to the differential sensitivity of proxies to environ-
mental change and individual drivers (Castañeda et al., 2016).
Furthermore, differences in the timing of the response of various
biological processes to climatic change make it difficult to assign
cause and effect (e.g., perennial plants such as Erica may have
declined, but seasonal organic matter production in the lake or
transport into the lake could have continued, delaying any decline
in TOC to later decades or centuries).
Despite strong variability, the mean trends in Garba Guracha
δ18O values indicate a continuous transition from a humid
phase before 7 cal ka BP towards a more stable arid phase after
4 cal ka BP. The more positive δ18O values after 4 cal ka BP sug-
gest a dry climate with stronger evaporative enrichment and at
least seasonally low lake levels.
In the regional context, contemporaneous decreases in lake
levels have been found at north Ethiopian lakes Ziway-Shala
and Abhé at ca. 4–4.5 cal ka BP (Gillespie et al., 1983; Gasse,
2000; Khalidi et al., 2020). More southern lakes, including
Paleolake Suguta, Lake Turkana, and Chew Bahir, show an earlier
AHP termination at ca. 5–5.5 cal ka BP (Foerster et al., 2012;
Garcin et al., 2012; Junginger et al., 2014).
4 cal ka BP to present
The most positive values of δ18Odiatom in the entire record coin-
cide with very positive δ18Ofuc values at 3.5 cal ka BP, suggesting
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a reduced P/E ratio and a low lake level at Garba Guracha. After
3.5 cal ka BP, the δ18Odiatom and δ
18Ofuc values decrease, indicat-
ing a higher P/E ratio and increased lake level. In response to wet-
ter conditions at 2.5 cal ka BP, an expanding heathland and more
active fires may have occurred (Gil-Romera et al., 2019). However,
we cannot rule out a human origin for these fires, and subsequent
re-expansion of Erica at particular areas within the basin because
anthropogenically induced changes have been detected at lower
altitudes during this period (Bonnefille and Mohammed, 1994).
Our findings are consistent with those of Gasse and Van
Campo (1994) who found a more humid phase in eastern
Africa at ca. 2.5 cal ka BP. The diatom record of Lake Ashenge
also shows a humid phase between 2.5–1.5 cal ka BP (Machado
et al., 1998). Moreover, a data comparison presented by Lezine
et al. (2014) indicates increased humid conditions at the Horn
of Africa between 3.5–1.5 cal ka BP.
During the last 1.5 cal ka BP, decreasing δ18Ofuc and δ
18Odiatom
values in Garba Guracha support a shift towards increased dry-
ness at Lake Tana (documented by Marshall et al., 2011). A min-
imum in δ18Ofuc at 0.5 cal ka BP may coincide with the timing of
the Little Ice Age (Grove, 2004).
CONCLUSIONS
In eastern Africa, and especially in the Horn of Africa region, the
relative scarcity of high-altitude climate proxy reconstructions
inhibits understanding of regional climate change and ecosystem
reaction during the Holocene and earlier. The continuous Garba
Guracha archive with a high-resolution chronology allows us to
present and interpret the first high-altitude (>3500 m asl)
δ18Ofuc and δ
18Odiatom records from the Horn of Africa.
Because of the small catchment area of Garba Guracha, the
sugar biomarker fucose is primarily of aquatic origin. The similar
trends of δ18Ofuc and δ
18Odiatom results therefore indicate that
δ18Ofuc is a valuable proxy for δ
18Olake water.
Besides possible variation in the source effect, we conclude that
in the case of reconstructed δ18Olake water record, the effect of
evaporative enrichment has to be considered to gain a better
understanding of eastern African climate change. We conclude
that, in general, precipitation increased at the beginning of the
Holocene, leading to a primarily open lake system between ca.
10 and ca. 8 cal ka BP, with lowest δ18Olake water values due to
increased precipitation and reduced evaporative enrichment
(lower P/E). When the lake was open and overflowing, the
δ18Olake water was less affected by evaporative enrichment, so the
evaporative signal did not overprint the precipitation source and
amount effects in the δ18Olake water values.
At ca. 7 cal ka BP, a continuous shift towards drier conditions
began, indicating a change towards a predominantly closed lake
system. Small minima, representing phases of lower P/E, occurred
at 10.8 cal ka BP, 10.2 cal ka BP, 3.5 cal ka BP, and 0.5 cal ka BP.
At the temporal resolution of the Graba Guracha record, the 4.5
cal ka BP and 8.2 cal ka BP drought phases seen in eastern
African lake records are not strongly imprinted in our isotope
records and may point to a buffered and/or reduced response at
high altitudes. Despite differences in apparent intensity, recon-
structed dry and wet phases are broadly coincident with Rift
Valley records, indicating similar climate controls. The Rift
Valley records are influenced by eastward migration of the
Congo Air Boundary, allowing Atlantic moisture to enter the
region. However, the Garba Guracha record shows no evidence
that the influence of Congo Basin air masses extended farther
eastwards into the Bale Mountains in the past. Further studies are
needed to disentangle the source and amount effects and evapora-
tive enrichment in stable isotope records from eastern Africa.
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